A recently discovered gene complex, G72/G30 (hereafter G72, but now termed DAOA), was found to be associated with schizophrenia and with bipolar disorder, possibly because of an indirect effect on NMDA neurotransmission. In principle, if G72 increases risk for psychosis by this mechanism, it might impact with greater penetrance those cortically based cognitive and neurophysiological functions associated with NMDA signaling. We performed two independent family-based association studies (one sample contained more than 200 families and the other more than 65) of multiple SNPs in the G72 region and of multiple SNPs in the gene for D-amino acid oxidase (DAAO), which may be modulated by G72. We examined the relationship between select cognitive measures in attention, working memory, and episodic memory and a restricted set of G72 SNPs in over 600 normal controls, schizophrenic patients, and their nonpsychotic siblings using mixed model ANOVAs. We also determined genotype effects on neurophysiology measures in normal controls using the fMRI BOLD response obtained during activation procedures involving either episodic memory or working memory. There were no significant single G72 SNP associations and clinical diagnosis in either sample, though one approached significance (p ¼ 0.06). Diagnosis by genotype interaction effects for G72 SNP 10 were significant for cognitive variables assessing working memory and attention (p ¼ 0.05), and at the trend level for episodic memory, such that in the schizophrenia group an exaggerated allele load effect in the predicted directions was observed. In the fMRI paradigms, a strong effect of G72 SNP 10 genotype was observed on BOLD activation in the hippocampus during the episodic memory paradigm. Tests of association with DAAO were consistently nonsignificant. We present evidence that SNP variations in the G72 gene region increase risk of cognitive impairment in schizophrenia. SNP variations were not strongly associated with clinical diagnosis in family-based analyses.
INTRODUCTION
Over the past several years, the search for genetic causes of schizophrenia has yielded several linkage regions from which candidate genes have emerged. One such candidate, identified as G72 (and now termed DAOA) was recently found in a 'gene desert' after construction of a dense marker map in a five megabase region on chromosome 13q, which had been previously identified as a site of suggestive or significant linkage (Chumakov et al, 2002) . Following annotation and in vitro translation, the gene was shown to code a 150 + amino-acid protein. G72 appears to be related to a larger gene on the opposite DNA strand, which has been called G30. Multiple SNPs in this region were found to be associated with schizophrenia in two large samples, one of French-Canadian descent, the other of Russian descent. Biochemical experiments revealed that the G72 protein activated a second protein, D-amino acid oxidase (DAAO), involved in the metabolism of D-serine, an agonist at the glycine modulation site of the NMDA receptor (summarized in Harrison and Owen, 2003) . Several SNPs in the region of the DAAO gene were also found to be significantly associated with schizophrenia in the French-Canadian sample. G72's protein was found to be expressed in brain at low levels and to have numerous splice variants. A second study, from an independent group (Hattori et al, 2003) , using both individual SNP markers and multimarker haplotype analyses, found that variation in G72 was significantly associated with bipolar disorder in two series of pedigrees. A case control study in which no population stratification was discerned also found an association of G72 to bipolar disorder, although not in the SNPs previously studied (Chen et al, 2004) . A recent large case control study found evidence of association for select SNPs and a haplotype with both schizophrenia and bipolar disorder (Schumacher et al, 2004) . Last, G72 SNPs were associated with psychotic illnesses in children (Addington et al, 2004) . However, positive SNPs were not always consistent among the studies. Functional variations in the gene have yet to be identified.
The association of G72 with psychosis and the potential relationship between G72 and NMDA function are consistent with several lines of evidence suggesting that cortical glutamatergic neurotransmission may be compromised in schizophrenia (for reviews see Goff and Coyle, 2001; Tsai and Coyle, 2002; Krystal et al, 2002) : (1) there is neuropathologic evidence of glutamate receptor abnormalities in prefrontal and temporal cortices that has been described in studies of post-mortem tissue of patients with schizophrenia (Deakin et al, 1989; Tsai et al, 1995; MeadorWoodruff and Healy, 2000) ; (2) drugs that reduce glutamatergic transmission at NMDA receptors in normal human subjects, such as ketamine, produce a range of cognitive impairments, including those in attention/working memory, word generation, and episodic memory that are somewhat similar to those found in patients with schizophrenia, as well as a range of symptoms often found in schizophrenia (Krystal et al, 2000; Krystal et al, 1998; Malhotra et al, 1996) ; and (3) animal models that involve knockdowns of NMDA receptor subunit genes (Gainetdinov et al, 2001) or chronic administration of NMDA antagonists (Jentsch and Roth, 1999) have produced animals whose behavior and brain function are in some respects 'schizophrenia-like.' However, it remains unclear if differences between long-term and short-term modulation of the glycine site are present (Lin et al, 1998) or if effects of G72 are age-specific.
In this study, we have examined the relationship of SNP variations in G72 and in DAAO and risk for schizophrenia in two family association data sets of American ethnicity and also explored the potential relationships between variation in these genes and aspects of human cortical function related to glutamate activity. We reasoned that if G72 increases risk for psychosis by virtue of its putative role as an indirect modulator of NMDA neurotransmission, it should also impact on cortically based cognitive functions associated with NMDA signaling, which also have been associated with psychosis.
METHODS

General
Subjects. Subjects were recruited as part of the Clinical Brain Disorders Branch NIMH 'Sibling Study' and included a group of healthy controls, a group of patients with broadly defined schizophrenia that included diagnoses of schizophrenia, schizoaffective disorder, delusional disorder, and schizophrenic spectrum personality disorders (schizotypal, schizoid, and paranoid, that is, cluster A) and hereafter called the schizophrenia affected group, and a group of siblings of these index cases who did not carry such diagnoses. All diagnoses were made following SCID interviews. To reduce the possibility of population stratification confounds, all analyses were performed in subjects from a common ethnic group, namely Americans of European extraction, that is, Caucasian (according to self reports). Prior reports of association to G72 also have been in Caucasian samples. Owing to the prior association of G72 with bipolar disorder, we also constructed an additional diagnostic group of subjects consisting of bipolar patients, manic type added to the schizophrenia group (called the psychosis group). Subjects were screened for systemic and neurological conditions that might impact brain function (eg head injury, dyslexia, attention deficit disorders, current alcohol, or substance abuse, type 2 diabetes). Ascertainment procedures are reviewed in Egan et al, 2001a, b. A replication sample for family-based association analysis was obtained from the NIMH Genetics Initiative (NIMHGI) data set (Cloninger et al, 1998) . Caucasian families were selected that included at least two siblings with a diagnosis of schizophrenia or schizoaffective disorder, depressed and at least one parent. Details of ascertainment, diagnostic procedures, and DNA collection have been described (Cloninger et al, 1998) .
Genotyping. G72 and DAAO genotypes were determined using the Taqman exonuclease assay. All subjects were genotyped in the G72 region of chromosome 13q and the DAAO region of chromosome 12q. Eleven G72 SNPs were examined. All had been provided by Chumakov et al (2002) : nine were included in published work, whereas two were communicated (Ilya Chumakov, personal communication) . One SNP typed by Chumakov et al could not be reliably genotyped due to technical problems (M 12) and was omitted. Four SNPs of the set that we analyzed were also examined by Hattori et al, 2003 . Nomenclature is listed in Table 1 . Five DAAO SNPS were typed (MDAAO 3-7, using the nomenclature of Chumakov et al). DNA was available from schizophrenia patients, their siblings, and biological parents, and healthy controls. Nucleotide alleles mentioned herein refer to the coding strand.
All SNPs were in Hardy-Weinberger equilibrium (HWE) in the patients and in controls. TRANSMIT was used to identify families with non-Mendelian inheritance. All individuals in those marker-family combinations were set to genotype unknown.
The completion rate for genotyping was near 90%. The rate of genotyping error for the reported SNPs (as detected during data cleaning as opposed to the general lab error) is as follows. For the 11s, the number of non-Mendelizations that TRANSMIT reported ranged from 4 to 13, an average of 6.5 per marker. Almost invariably, we have found that this represents one genotyping error per family, so given the 935 family members being genotyped, we estimate a range of 4/ 935 (0.4%) to 13/935 (1.4%). Note that these are the errors detectedFthe actual rate is of course somewhat higher. Overall, we have found that for markers performing well (ie, good clusters) in the Taqman assay, the Taqman genotype discordance from the genotype determined from doublestranded sequencing is o1%. Reproducibility of Taqman genotypes is in general 499.5%.
Regarding allele frequencies, Hattori et al (2003) did not provide allele frequencies. The minor allele frequencies for the Canadian sample in Chumakov et al (2002) were always within 4% of our frequencies, with the exception of M-22 (our marker 8, rs778 293), where the frequency in the Canadian sample was 31% in cases and 40% in controls, whereas in our sample it was 43% overall in families.
Regarding haplotypes used in the association studies, we analyzed consecutive, overlapping three marker haplotype blocks (ie, sliding window). There were thus nine blocks.
The databases used herein have also been used to examine associations with the following candidate genes: COMT, BDNF, GRM3, and DISC1.
Study 1
G72 and DAAO SNP transmission disequilibrium analyses.
Subjects: Across all G72 and DAAO SNPs, the number of families with transmissions to ill offspring in the CBDB data set ranged from 199 to 217 and the number of ill offspring ranged from 211 to 230. For SNP 7, the SNP with the largest number of families with transmissions, 106 trios were fully typed, 46 'trios' had data from one parent and at least one sibling, and 65 'trios' had sibling data but no parental data. All other SNPs had similar proportions of complete and incomplete family data. Of the families (all Caucasian), 67 were included from the NIMHGI sample. Those SNPs tested in the CBDB dat set were also tested in the NIMHGI sample.
Statistics: TRANSMIT, a nonparametric method of determining association based on transmission of alleles within families (Clayton, 2001) , was used to assess if individual SNPs or successive three marker haplotypes were over or undertransmitted from parents to schizophrenia offspring. If parental data were incomplete, the missing genotypes were reconstructed from the available family data (including second degree relatives in some NIMHGI cases) where possible. The haplotype analyses were restricted to common haplotypes (43% frequency). Additionally, pairwise LD between SNPs was computed.
Results:
One individual G72 SNP demonstrated near significantly distorted transmission from parents to schizophrenia offspring by TRANSMIT analyses: SNP 1 (p ¼ 0.06); the G nucleotide (coding strand) was overtransmitted. These results are detailed in 
Study 2
Association of G72 and DAAO genotypes to cognitive function. To reduce the confound of multiple testing, we focused on two SNPs from the Chumakov study that were significant in both their samples (at po0.02) and were also positive in the Schumacher et al (2004) schizophrenia cases (SNPs 9 and 10). In each, the T nucleotide was associated with schizophrenia in their study and we posited that the Ts would be cognitively disadvantageous in our sample. We also examined a third SNP (7) that 
was not significant in the Chumakov et al (2002) samples; we considered this a 'negative' control. Last, we examined a SNP (5) that in the Hattori et al (2003) study was significant in both of their pedigree data sets. Similarly, we examined those three DAAO SNPs from the Chumakov et al study that showed a positive association to schizophrenia (DAAO 5-7).
Subjects: Demographic information for the 600 + subjects is listed in Table 3 by group. Of the affected subjects all but 17 were receiving neuroleptic medication. For cognitive phenotypes, the Ns are as follows: for the N Back 123 controls, 124 siblings, 81 probands, for all other tests 150 + controls, 245 + sibs, and 180 + probands.
Cognitive tests: The cognitive tests utilized in this study were selected for analyses because they: (1) had been implicated as schizophrenia-related intermediate phenotypes in earlier family studies based on increased relative risk measures or significant parametric statistics (N Back, letter fluency, memory for stories, paired associates, IQ, Trails B) (Egan et al, 2001a, b; Goldberg et al, in press ); (2) were known to be sensitive to the effects of glutamate manipulations (WCST, letter fluency, CPT) (Malhotra et al, 1996; Krystal et al, 2002; Krystal et al, 1994) , or (3) were important predictors of clinical outcome (WCST, IQ, memory for stories and paired associates, CPT) (Goldberg and Green, 2002; Goldberg et al, 1990) . They were administered using standardized procedures and were part of a larger battery of tests. The tests are as follows and are described in detail elsewhere (Egan et al, 2001a, b; Goldberg et al, 2003) .
N Back Working Memory Test (One Back): measures working memory subprocesses involving attention and 'updating' of information. Performance was expressed as percent correct.
Wisconsin Card Sorting Test: executive function during a card sorting task. The number of perseverative errors was considered the critical dependent measure.
Continuous Performance Test (CPT) Distractibility Version: attention and vigilance to numeric stimuli in the presence of interfering stimuli. Performance was expressed by d'.
Memory for Stories: verbal episodic memory. The number of story elements recalled was the index of performance.
Verbal Paired Associate Learning (Hard Pairs; from the Wechsler Memory Scale-Revised): episodic learning of unrelated word pairs over multiple trials. The number of words recalled over three trials was the index of performance.
Verbal Fluency (Letters): lexical/semantic memory processing during timed word generation. The number of words produced over three 1 min periods was the measure of performance.
Trail Making (Trails B): oculomotor scanning and attention. Time in seconds to complete the test was the dependent measure.
WAIS-R IQ: 'intelligence' The short form used here was comprised of the subtests of Picture Completion, Similarities, Digit Symbol, and Arithmetic (Kaufman, 1990) .
Statistics: Parametric analyses utilized a rigorous mixedeffects ANOVA in which a family was treated as a random effect in order to account for nonindependence of unaffected and affected pairs (Littell et al, 1996) . Main effects for diagnostic group (healthy controls, siblings, and schizophrenia index cases) and genotype were examined, as were genotype Â diagnosis interactions.
Association of G72 and DAAO genotypes to cognitive function. SNP 10 yielded significant main effects of genotype or genotype Â diagnosis interactions on the following cognitive variables: CPT, One Back, and Verbal Paired Associates (see Table 4 ). Effects are illustrated in Figure 1 . Univariate contrasts within the schizophrenia group indicated significant differences between T/T and A/A genotype (by t-test, all p'so0.05) for these three cognitive measures. Significant effects of SNP 10 on other cognitive variables (IQ, WCST, verbal fluency, memory for stories, Trails b) were not observed. Regarding other possible disease-related associations that might have skewed cognitive findings, no associations between SNP 10 genotype and schizophrenia subtype diagnosis and type of medication (typical and atypical) were observed (p ¼ 0.59 and p ¼ 0.35 by w 2 , respectively). SNP 9 yielded a significant genotype Â diagnosis interaction on the One Back task (F ¼ 3.84, p ¼ 0.007). Trends (po0.10) for significant interactions were also observed on Verbal Paired associates and the CPT. Like SNP 10, schizophrenia individuals with the T,T genotype performed Correlations between CPT and One Back were significant in all groups; correlations between these variables and verbal paired associate learning were low and nonsignificant, suggesting that G72 10 influences multiple cognitive domains (ie, working memory/attention and episodic memory).
No significant genotype effects or genotype Â diagnosis interactions were observed in any cognitive variable for the negative control SNP, that is, 7, or for the SNP chosen from the study of Hattori et al (2003) . No significant genotype effects or genotype Â diagnosis interactions were observed in any cognitive variable for any of the three DAAO SNPS (5-7).
Given the large number of analyses, we used the Benjamini Hochberg procedure for control of false discovery rate as implemented by SAS PROC Multtest. We applied FDR to the cognitive data set for SNPs 10 and 7, which were not in pairwise LD, and included all cognitive measures. The One Back remained significant; (p ¼ 0.04) for SNP 10; CPT and verbal paired associate learning demonstrated trends (po0.08).
Study 3
FMRI studies of G72 SNP 10.
General: The fMRI BOLD response is a more powerful method of capturing genotypic effects than cognition alone, both because of its use of time series data and its use of a dependent variable that is nearer to the neurobiology of the gene; that is, penetrance should be greater at the level of brain information processing than at the behavioral level that is cognition (Gabrieli and Preston, 2003; Hariri and Weinberger, 2003) . Therefore, we also looked for association with phenotypes derived from functional neuroimaging in normal subjects (we did not have an adequate sample of genotyped schizophrenic individuals who had useable fMRI data). In the functional neuroimaging studies which follow, we focused our experiments on G72 SNP 10, in order to provide convergent evidence for its effects on critical aspects of cognition involving attention/working memory and episodic memory. We reasoned that genotypic effects on regional neurophysiology in healthy controls might be identified in these paradigms.
Whole brain BOLD fMRI data were collected on a 3 Tesla Signa scanner using a GE-EPI RT pulse sequence (GE, Milwaukee, WI, USA) acquiring 24 interleaved slices (echo time ¼ 30 ms, repetition time ¼ 2 s, flip angle ¼ 901, field of view ¼ 24 cm, matrix ¼ 64 Â 64, voxel dimensions 3.75 Â 3.75 Â 6 mm) covering the whole brain. All fMRI data were processed and spatially normalized to a common stereotaxic space (Montreal Neurologic Institute template) and analyzed using a random effects model within SPM99 software (Brett, 2004; Wellcome Department of Cognitive Neurology, 2000) . 
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Study 3a. FMRI study of G72 regulation of hippocampal engagement during episodic memory. Based on the genotypic impact on verbal paired associate learning, we predicted that individuals homozygous for the T allele (which was the 'disadvantageous' genotype in the schizophrenia group in terms of cognitive penetrance) would show abnormal temporal cortical function during encoding of to-be-remembered items than individuals with A,T or A,A genotypes. Prior studies using fMRI during declarative memory indicate that memory function covaries with degree of hippocampal activation , so it would be predicted that T,T individuals would show lesser hippocampal activation.
Subjects: Seven normal individuals homozygous for the T allele at SNP 10 (ie T,T, the putatively disadvantageous genotype) were compared to seven individuals carrying an A allele (ie A,T and A,A genotypes). IQ was virtually identical between the groups. The two groups did not differ in frequencies of BDNF genotypes or of APOE4 genotypes (two genes previously found to be associated with hippocampal activation during episodic memory Burggren et al, 2002) ). Neither age, handedness, nor sex ratio differed between the two groups.
Methods: We examined medial temporal lobe physiology with fMRI during a cognitive paradigm involving encoding of novel affectively neutral complex indoor and outdoor visual scenes, followed by recognition of these scenes as described in detail elsewhere . Previously this task has been shown to elicit activation at both encoding and recognition in parahippocampal and hippocampal regions. We also performed a second similar experiment using affectively toned aversive indoor and outdoor scenes (eg, car crash). All stimuli came from the International Affective Picture System (IAPS) (Lang et al, 1997) . Stimuli for both experiments were presented in four interleaved encoding and four interleaved retrieval blocks with a passive rest condition. During encoding blocks, subjects viewed six images and determined whether they were 'indoor' or 'outdoor' scenes. During subsequent retrieval blocks, subjects again viewed six images, presented serially for 3 s each, and determined if each scene was 'new' or 'old'. In each retrieval block, half the scenes were 'old' (ie presented during the encoding blocks) and half were 'new' (ie not presented during the encoding blocks). During interleaved rest blocks, subjects fixated on a central crosshair. Prior to the beginning of each block, subjects viewed a brief (2 s) instruction: 'Indoor or Outdoor?', 'New or Old?', or 'Rest'. During scanning, all subjects responded by button presses with their right hand. Statistical analyses determined effects within each voxel in an anatomically defined region that included the right and left hippocampi and parahippocampal cortices using the method of Giedd et al (1996) . First a t-statistic calculated contrasts of encoding vs rest and retrieval vs rest for each subject. These contrast images were used in a second level random effects model to determine differences in task-specific BOLD responses at the group level and t-tests to determine differences between the two genotype groups in a region of interest (here medial temporal lobe), with small volume correction. Coordinates for significant activation clusters were converted to the standard space of Talaraich and Tournoux (1988) and reported as local maxima.
Results: In the experiment using neutral scenes, greater BOLD signal in the A carrier group in comparison to the T,T group was observed in a region in the left parahippocampal gyrus (BA 36/37) during encoding (Talaraich coordinates À26, À48, À6; 4 voxels; Z ¼ 2.09, p ¼ 0.04 svc). Genotype-based statistical parametric maps that illustrate significantly greater activation in the A carrier group can be seen in Figure 2 . No differences in BOLD response between the groups were observed during recognition in the medial temporal lobe region. Behavioral results revealed no significant differences in performance at recognition between the A carrier and T,T groups (error x ¼ 2.5071.19 vs 3.2572.76, t ¼ 0.70, p ¼ 0.49).
In the experiment using aversive scenes, greater BOLD signal in the A carrier group in comparison to the T,T group was observed in locales in the left parahippocampal gyrus (BA 37) and right hippocampus during encoding (Talaraich coordinates À29, À44, À6; 5 voxels; Z ¼ 2.32, p ¼ 0.03 svc and 26, À26, À7; 4 voxels Z ¼ 1.86, p ¼ 0.04 svc). During recognition greater BOLD signal was observed in the A carrier group in comparison to the T,T group in regions of the right parahippocampal gyrus (Talaraich coordinates 34, À48, À6, 20 voxels; Z ¼ 3.51; p ¼ 0.01 svc). Thus, the aversive stimuli resulted in genotype-based differences at both encoding and recognition that were in the predicted directions. Genotype-based statistical parametric maps illustrate significantly greater activation in the A carrier group in Figures 3a and b. Behavioral results favored the A carrier group, but not significantly (error x ¼ 1.1471.67 vs Study 3b. FMRI study of G72 regulation of frontal cortex engagement during working memory. fMRI BOLD response in prefrontal cortex was determined during the N Back working memory task (Callicott et al, 2000) . The N Back task was used as a cognitive challenge because it reliably activates a working memory and attentional network that includes prefrontal cortex. Critically, in groups known to have prefrontal cortical pathophysiology (eg schizophrenia, Parkinson's disease), an inefficient response characterized by greater BOLD activation during this version of the Two Back test (vs 0 Back) has been found (Callicott et al, 2000; Mattay et al, 2002) . Thus, we predicted that the individuals with the disadvantageous homozygous T,T genotype would show a less efficient neurophysiological response to working memory demands and vigilance in prefrontal cortex than individuals with A,T or A,A genotypes as based on prior studies.
Subjects: Ten normal individuals with the putatively disadvantageous T,T homozygous genotype were compared to 20 normal individuals carrying an A allele at SNP 10 (ie A,T and A,A genotypes). Importantly, subjects were matched on N Back accuracy to remove variance due to performance, per se. (The accuracy of both groups in the Two Back task was approximately 83%.) Differences in BOLD response thus presumably reflected variation in neural processing, rather than cognitive ability, strategy, or test taking style. The groups were also equivalent in handedness scores, age, and sex to reduce confounding factors.
Methods: Subjects who performed the N Back working memory task using a block design that alternated between a Two Back and a control condition (the Zero Back). During the Two Back working memory condition, subjects were required to recall a number (digits 1, 2, 3, or 4) seen two stimuli previously. During the Zero Back, subjects identified the number currently on the screen. Visual stimuli were presented via a back-projection screen and performance (accuracy and reaction time) recorded via the use of a button box held in the right hand. Single subject contrast maps were created by comparing Two Back working memory and Zero Back control tasks blocks for voxels showing significant change in BOLD signal using a one sample t-test (po0.01, corrected). All individual maps showed activation of the working memory network. A mask of activated regions was created from the summation of individual subjects' activation maps. Next, a group comparison of genotype was then performed as a second level (random effects) one way ANOVA within SPM 99 (with po0.01, uncorrected; cluster size k45). Coordinates for significant activation clusters were converted to the standard space of Talairach and Tournoux and reported as local maxima.
Results: Greater BOLD activation in the T,T group was found in right superior prefrontal cortex (middle frontal gyrus) BA 6 (30, 21, 54, 5 voxels, Z ¼ 2.70), a right-sided prefrontal subgyral area (19, 29, À1, 9 voxels, Z ¼ 2.72) and cerebellar regions (À8, À56, À33; 4, À39, À33; À22, À49, 28). The A carrier group, however, demonstrated greater BOLD activation in left frontal cortex (precentral gyrus) BA 4/6 (À49, 2, 50, 5 voxels, Z ¼ 2.88), right caudate (11,1,11, 9 voxels, Z ¼ 3.12) and right insula (41, 11, 5, 8 voxels, Z ¼ 2.65). The differences in the genotype groups found in the second level analysis were outside predicted networks. 
DISCUSSION
We performed a family association study of schizophrenia using SNPs in the G72/G30 gene region in two independent samples of American-Caucasian families. We did not find significant association of individual markers or of multimarker haplotypes to schizophrenia in either group of families; however our study samples of trios were not large. We did find evidence, however, of a genotype by diagnosis interaction with cognitive intermediate phenotypes that are associated with schizophrenia. Specifically, increasing load of an allele associated with schizophrenia in two case control samples reported by Chumakov et al (2002) , that is, at SNP 10Famplified the burden of cognitive impairment in a linear fashion in patients with schizophrenia. Similar results were found for the other positive SNP (9) from Chumakov et al, but not for a 'negative' SNP from their study. Consistent with our conjecture that there would be greater penetrance of gene effects at the level of brain function than at clinical phenomena, we also found that the same allele of SNP 10 was associated with quantitative variance in brain physiology in normal subjects in the medial temporal lobe and that the directionality of the association was consistent with the information processing deficits associated with schizophrenia. Thus, while there was little penetrance of G72 SNPs at the clinical diagnostic level in our cohort, penetrance at the level of cortical function was observed in the schizophrenia group using cognitive performance and in the normal group with fMRI. One way to interpret these data, at least in the patients, is to propose an interaction or epistasis model. In general, SNP 10 genotype effects on cognition were greatest in schizophrenic index cases such that individuals with the T,T genotype had the poorest performance and cases with A,A genotype the best performance. The findings were less consistent in siblings and in healthy controls, although we note that a main effect of genotype was nevertheless present suggesting at the very least that these groups did not markedly attenuate the primary finding. It thus appears that the G72 polymorphism at SNP 10 (or a variation in linkage disequilibrium with this marker), in the context of the genetic architecture of schizophrenia, has relatively large cognitive effects. However, because nearly all schizophrenic patients were receiving neuroleptic medications, it cannot be ruled out that we were observing a 'genotype Â neuroleptic' interaction.
Nevertheless, the effects were observed in those very cognitive processes that appear to be both heritable and modal in schizophrenia (Egan et al, 2001a; Weickert et al, 2000) and that the effect was amplified in schizophrenia, suggests that G72 genotype may be an epistatic risk factor that increases the likelihood of schizophrenia type cognitive impairment in individuals with other risk factors. In other words, the genetic background against which variation in this gene occurs may determine the magnitude of its impact. We also have preliminary data indicating that G72 interacts with a functional COMT SNP to amplify cognitive impairments (Goldberg, Egan, Straub, Weinberger, unpublished) . Presumably, with the accumulation of disadvantageous alleles, it becomes more difficult to compensate for the deleterious effects of any one specific allele. Alternatively the SNPs used in this study were in monitoring relations to another perhaps relatively rare causative mutation that was enriched in the schizophrenic sample.
In addition to potential epistatic effects in patients, subtle yet discernible effects on hippocampal neurophysiology were observed in healthy controls using fMRI during memory encoding tasks. This further supports the assumption that susceptibility risk genes for schizophrenia show greater penetrance at the level of brain information processing than at the level of behavior. Perhaps it is in some sense 'easier' for an individual to compensate for the presence of a disadvantageous allele at the behavioral level, using alternative cognitive strategies, response monitoring, instructional set, or effort than at the physiological level.
In one fMRI study (involving the N Back), we considered greater activation to reflect inefficiency whereas in the medial temporal lobe we considered greater activation to be associated with better functioning. Using the N Back (in which a response is made to every stimulus) and in which groups have been matched on performance, we have noted 'inefficiency' in studies involving individuals with compromised frontal lobe function, including patients with schizophrenia, Parkinson's disease patients, normal elderly, and normal subjects with the COMT val/val genotype. In contrast, the episodic memory task involving visual scenes has elicited reduced activation in both normal subjects carrying the BDNF met allele and schizophrenic individuals who have impaired memory function.
Our results, taken in toto, implicate significant effects of G72 in prefrontal and medial temporal neural systems that are reliably engaged in working memory and episodic memory, respectively. As G72 is thought to be an indirect modulator of NMDA receptor function (Harrison and Owen, 2003) it would not be unexpected for variation in the gene to have effects in these neural systems, and the cognitive domains that engage them. However, the neurobiological data on G72 is scant and our perspective on G72's role in glutamate neurotransmission is a working hypothesis. Certainly, G72 does not have the same magnitude of impact on cognitive function produced by direct pharmacological manipulation of the NMDA receptor by ketamine blockade.
Given the significant findings of G72 effects on N Back and CPT performance, the gene likely has effects on cognitive processes common to both tasks, for example, attentional processes occurring within working memory that involve target detection or stimulus encoding and response (Elvevaag et al, 2000) . It is also interesting to note that this type of demand for cognitive precision at the representational level has been found to be sensitive to glutamatergic manipulation at NMDA receptors (Schroeder et al, 2001; Doniger et al, 2001 ).
The episodic memory task that was sensitive to G72 regulation is reliably impaired in a variety of memory disorders, especially when difficult paired associates must be remembered. Although the association of G72 and verbal paired associate learning was at the trend level, it is consistent with other studies examining the role of NMDA function and memory and our own fMRI study (3a). The paradigm requires binding of arbitrary elements into an episode with a distinct spatiotemporal context; this is a critical feature of medial temporal lobe engagement in cognitive processing. In fact, glutamatergic transmission at NMDA receptors is thought to be a prerequisite for Ca + + influx, which initiates an intracellular signaling cascade that is necessary for LTP and putatively the formation of memories in which disparate sensory elements are bound into a single episode (Pittenger and Kandel, 2003) .
The most consistent evidence for G72's association with cognitive impairment was in two SNPs near the 3 0 end of the gene (9 and especially 10). Other SNPs that we examined yielded neither significant differences in genotype, nor significant genotype by diagnostic group interactions. SNP 10 was one of only two SNPs (the other being 9) found by Chumakov to show significant allelic associations in both their Russian and Canadian samples. In SNP 10 (and in SNP 9) the T nucleotide, which was associated with schizophrenia by Chumakov et al and Schumacher et al (2004) , was the variant associated with worse cognitive performance in the schizophrenic group in this study. We have no evidence that this allele impacts on gene function; it is possible that it is in a monitoring relationship with an as yet to be determined causative mutation or other variant. Last, it is interesting to note that the disadvantageous T allele of SNP 10 (marginally more frequent that the A allele in all groups) is the common allele at this locus. This is consistent with much recent work that suggests that common alleles can be associated with diseases of complex genetic etiology (Egan et al, 2001b; Cox, 2002; Lohmueller et al, 2003) .
Although we might claim to have found weak evidence that G72 is a susceptibility gene for schizophrenia as a diagnostic entity in this sample, we suggest that our results are negative, that is, not significant. None of 11 TRANSMIT analyses of individual SNPs was of significance (although one SNP was at the trend level). A single haplotype was significant at a trend level. However, these were removed from the positive cognitive SNPs located at the 3 0 end of the gene. We also did not find significant association of individual SNPs to schizophrenia using a more restricted diagnostic scheme (ie as Chumakov et al (2002) apparently utilized) or with a more global psychosis scheme. We do not have an explanation for our negative clinical findings in comparison to those of Chumakov et al, although we do not think that our cohort is unrepresentative of the population of schizophrenic individuals, either in terms of symptoms or cognitive impairments. Clearly, however, our familybased association study has limited power. Genetic power analyses (using Statgen (Purcell, 2003) ) indicated that for SNP 1, which approached significance by TDT, a sample of 331 trios would be expected to yield significance at 0.80 power, based on observed and expected transmissions and allele frequency in our sample. When we conducted a power analysis for the individual SNP that demonstrated the greatest association with cognitive variables (SNP 10) the difference in expected and observed was very small (ie 230 vs 231) and so would literally necessitate a sample of trios in the thousands to obtain significance.
There has been recent evidence for a role for G72 in the etiology of another psychotic neuropsychiatric disorder, namely bipolar disorder, but the impact of SNPs on cognition in bipolar disorder is unknown. Moreover, the SNPs that showed significant association in the bipolar samples were negative in our sample and did not relate to cognition.
We also found no evidence for genetic association of DAAO SNPs either with schizophrenia or with cognitive phenotypes. Relatively little molecular and genetic work has been conducted on this gene and its neurobiological effects are not well understood.
Statistical issues associated with multiple comparisons also need to be addressed. We chose a variety of tasks from multiple cognitive domains because we were unsure which measures would be most sensitive to the cognitive processes that we putatively assigned to G72 genotypes, given the lack of prior work in this area. This being said, several of the tasks may be intercorrelated, in essence, reducing the number of independent comparisons (eg N back and CPT). Similarly, each SNP is not independent from every other SNP. Some are in linkage disequilibrium with 'nearby' SNPs (eg SNPs 9 and 10). Again, this somewhat attenuates the problem of multiple comparisons, but does not eliminate it. One Back results remained significant after control of false discovery rate. We also note that it is probably necessary to sample a given cognitive domain with multiple instruments, given psychometric differences among tasks, cohort effects, and an incomplete understanding of the neurobiological effects of the gene of interest. This being said, the problem of multiple comparisons is real and it remains possible that some of the results presented here are spurious. Therefore, they should be accepted with caution until they are replicated in an independent cohort. The pattern of results also supports prior arguments that penetrance may be greater for cognitive phenotypes than clinical diagnosis per se because information processing may be more directly related to genetically driven variants in neuronal signaling.
In conclusion, we have provided evidence that select SNP variations in the G72 gene region increase risk of cognitive impairment in schizophrenia. The nature of this impairment would not be inconsistent with findings from a variety of studies of NMDA-based signaling cascades in excitatory neurotransmission. In particular, attention/working memory, and episodic memory functions became progressively more compromised with increased 'risk allele load.' Our results thus extend findings for a role for G72 in serious neuropsychiatric conditions by suggesting that a mutation in G72 may be particularly penetrant at the level of brain information processing implicated in cognitive impairments.
